Abstract. This work compares the results of two epidemiologic and clinical surveys on the consequences of maternal chronic Trypanosoma cruzi infection. They were conducted in 1992−1994 and 1999−2001 in the same maternity clinic in Bolivia, a country highly endemic for infection with this parasite. In both surveys, the materno-fetal transmission of parasites occurred in 5−6% of the infected mothers. Maternal chronic T. cruzi infection had no effect on pregnancy outcome and health of newborns when there was no materno-fetal transmission of parasites. Comparisons between the older and the more recent surveys highlighted significant reductions in frequencies of symptomatic cases (from 54% to 45%), Apgar scores <7, and low birth weights and prematurity (from 32−50% to 6−16%) among congenitally infected babies. Neonatal mortality related to congenital Chagas disease also decreased from 13% to 2% in the interval between both studies. These results suggest that the decrease in poverty that has occurred in Bolivia between both surveys might have contributed to reduce the morbidity and mortality, but not the transmission rate of T. cruzi congenital infection, which remains a serious public health problem in this country.
INTRODUCTION
The protozoan parasite Trypanosoma cruzi, the agent of Chagas disease, infects 16−18 million people in Latin America. Parasites are transmitted mainly by blood-suckling vector bugs that release excreta containing infectious agents, by transfusion of infected blood, or from mother to her fetus. 1 Although the development of national programs of vectorial control and of selection of blood donors in many endemic countries has limited the occurrence of new cases of infection, the pool of currently infected people susceptible for developing severe chronic forms of Chagas disease and the risk of congenital transmission in woman of child-bearing age remain pressing public health problems.
The prevalence of chronic T. cruzi infection in women, the transmission rate, and the morbidity and mortality of congenital infection vary largely according to the areas under study. [2] [3] [4] [5] [6] [7] [8] Information on the effects of such chronic infection on pregnancy outcome, fetal growth, and health of uninfected babies born of infected mothers remains contradictory. Indeed, some studies mention that maternal infection induces an increased risk of pregnancy loss or prematurity, [9] [10] [11] whereas other do not show any effect. 8, [12] [13] [14] Although Bolivia is the most highly endemic country of Latin America for T. cruzi infection, 15 few data have been reported on congenital Chagas disease, [16] [17] [18] and no information is available on the other consequences of maternal T. cruzi infection in this country. To get more information of such consequences on pregnancy and the health of infected and uninfected newborns, and their evolution during the last decade, we have compared the results of two epidemiologic and clinical surveys performed in the same Bolivian maternity clinic. In both studies, the prevalences of maternal infection, as well as obstetrical and clinical status of mothers, transmission rates, and incidences of congenital infection, Apgar scores, maturity and clinical patterns, hematologic and biochemical parameters, and mortality data of T. cruzi−infected and non-infected newborns of infected mothers were compared with data of uninfected babies born of uninfected mothers.
fore the 30th day of life. Congenital infection was diagnosed by microscopic examination of the buffy coat from blood collected in four microhematocrit heparinized tubes (each containing 50 L of blood), as described elsewhere, 20 and/or hemoculture of 2 mL of blood for 2−8 weeks. 21 The combination of such diagnostic methods gave results similar to those obtained by a polymerase chain reaction. 22 The presence of parasite(s) in one or more microhematocrit and/or hemoculture tubes defined a congenital infection.
Clinical examination. Each mother enrolled in the study was questioned about her age, previous pathologies, obstetrical antecedents, present symptoms, and last menstruation date. Abortion history was considered when fetuses were released before the sixth month of pregnancy. The state of amniotic membranes was noted. Premature rupture of membranes (PROM) was diagnosed when membranes were broken before admission or before the onset of contractions, whatever the timing of rupture.
Newborn weights, lengths, and head circumferences were measured at birth. A physical examination was performed at the 24th hour following delivery according to classic procedures. Apgar scores at one and five minutes, the general appearance in search of congenital malformations or deformations, body temperature, hepatomegaly (when Ն 2 cm below the right costal margin), splenomegaly (whatever the spleen size under the left costal margin), the occurrence of anasarca (palpebral, genital, or leg edema alone were not considered), jaundice, ascitis, petechiae (whatever their localization), and meconium staining of the umbilical cord, nails, or skin were investigated. The diagnosis of respiratory distress syndrome (RDS) was considered when at least one of the following signs was present: tachypnea, throbbing of the ala nasi, expiratory grunting, intercostal retraction, and/or facial or systemic cyanosis (peripheral cyanosis was not considered). A neurologic examination included assessment of tone, level of alertness, Moro and other primary neonatal reflexes, deep tendon reflexes, spontaneous motor activity, pupil diameter (in search of mydriasis or miosis), bulging of fontanelles, and convulsions. 23 The determination of gestational age was based on physical signs and neurologic characteristics of newborns 24 related to the data obtained from the maternal last menstruation date. In some newborns, it was possible to perform chest radiographies to determine cardio-thoracic indexes, and/or abdominal echographies.
Biologic investigations and serologic analysis of other infections in newborns and their mothers. In newborns, blood hematocrit rates, hemoglobin amounts, and white blood cell, neutrophil, eosinophil, lymphocyte, monocyte, and reticulocyte counts, as well as plasmatic levels of direct and indirect bilirubin, aspartate aminotrasferase, alanine aminotransferase, alkaline phosphatase, urea, and creatinine were determined by classic tests of clinical biology. IgM antibodies directed against most pathogens frequently infecting neonates, the so-called TORCH (Toxoplasma gondii, rubella virus, cytomegalovirus, and herpes simplex virus) pathogens, 25 were also investigated in newborn plasma. The commercially available kits Eti-toxoK-M reverse plus, Eti-cytok-M reverse plus, and Eti-rubek-M reverse plus (all from DiaSorin, Saluggia, Italy) were used for the detection of IgM antibodies directed against T. gondii, cytomegalovirus, and rubella virus, respectively. IgM antibodies to Treponema pallidum and human immunodeficiency virus type 1 (HIV-1) and HIV-2 antibodies was also determined using the kits 27 which considered an estimated incidence of 1% of congenital infection.
RESULTS
Epidemiologic data of T. cruzi congenital infection. Prevalences of maternal infection, transmission rates, and incidences of T. cruzi congenital infection in both cohorts are shown in Table 1 . The comparison of data between the first (cohort A) and the second surveys performed later (cohort B) indicates an improvement of the epidemiologic situation with a significant decrease in maternal infection prevalences (P < 0.001), and a tendency to decreased incidences of congenital infection from 1.4% to 1% (percentage of congenital cases among seropositive plus seronegative mothers). However, the materno-fetal transmission rates (percentage of congenital cases among seropositive mothers) remained similar, approximately 5−6% in both cohorts (P > 0.05). Both babies of the two sets of twins in cohort B were infected. Blood parasites were detected at birth for 62 of the 71 congenital cases considered, and during the first month of life for nine of them. It was verified that the infected newborns detected after birth had not received blood transfusions. Sex ratios among the cohort groups are given in Table 2 . Although the differences were not statistically significant, congenital infection tended to be more frequent in male than in female babies of both cohorts.
Obstetric and clinical status of T. cruzi-infected and uninfected mothers. The serologically positive mothers were asymptomatic and did not display clinical evidence of cardiac or digestive involvements of chronic Chagas disease. The main maternal data are shown in Table 3 . The parasitetransmitting mothers (M+B+) of both cohorts showed similar mean ages and numbers of previous pregnancies than control (M−B−) mothers (P > 0.05), but showed three to four times more premature ruptures of amniotic membranes (PROM) at the time of the currently considered delivery (P < 0.001), although this did not induce obstetrical complications. In contrast, M+B− mothers were slightly but significantly older (by an average of two years), showed a higher mean number of previous pregnancies, and were more frequently multiparous, with more frequent previous histories of abortions than M−B− mothers in cohorts A and/or B (0.05 < P < 0.001). Since the interactions between groups and cohorts were not significant, both cohorts were pooled. After adjustment for age, the differences in proportions of primiparity and abortion histories of M+B− versus M−B− mothers was not significant, indicating that maternal infection, when there is no parasite transmission, does not affect pregnancy outcome.
Comparisons of the M+B+ and M+B− groups in both cohorts showed that M+B+ mothers were younger (mean ± SEM age ‫ס‬ 23.7 ± 0.7 versus 26.4 ± 0.3; P < 0.05) and displayed lower numbers of previous pregnancies (mean ± SEM ‫ס‬ 1.8 ± 0.2 versus 2.6 ± 0.1; P < 0.05).
The comparison of data of both cohorts in the more recent survey B showed a significant decrease of the number of previous pregnancies in the M−B− and M+B− groups, as well as a significant increase of the proportion of primiparity in M−B− mothers (P < 0.05). No significant differences were noted in the other maternal parameters.
Effects of T. cruzi maternal infection on Apgar scores and maturity parameters of newborns. Mean Apgar scores monitored at one and five minutes, as well as mean maturity parameters in the three neonate groups in both cohorts are shown in Table 4 according to the sex of the newborn. Apgar scores at one minute and/or five minutes, gestational ages, birth weights and lengths, and head circumferences were significantly decreased in M+B+ versus M−B− newborns in cohorts A and/or B, and in males and/or females (0.001 < P < 0.05). Figure 1 shows that M+B+ newborns in cohorts A and/ or B displayed higher frequencies of Apgar scores < 7 at one minute, low birth weight (LBW < 2,500 grams), prematurity (gestational age < 37 weeks), or prematurity/dysmaturity (gestational age < 37 weeks and birth weight < 2,500 grams) than M+B− or M−B− newborns (0.01 < P < 0.0001). Interestingly, prematurity was observed in 45.5% and 11.1% of M+B+ babies born from mothers with PROM in cohorts A and B, respectively. In both cohorts, data of M+B− neonates were similar to those of M−B− newborns (Table 4 and Figure  1 ). These results indicate that maternal T. cruzi infection affects intrauterine growth and maturity of congenitally infected fetuses, but not of non-infected fetuses.
Comparison of M+B+ data between cohorts indicates more frequent alterations in cohort A than in cohort B. Figure 1 indicates that 32−50% of M+B+ newborns in cohort A, but only 6−16% of those of cohort B (P < 0.05), showed reduced Apgar scores at 1 min, LBW or prematurity/dysmaturity (0.001 < P < 0.05). Comparison of the M+B− and/or M−B− groups shows a significant reduction of the frequencies of Apgar scores < 7 at one minute and LBW in cohort B versus cohort A (P < 0.05), indicating a general improvement of materno-fetal health in the more recent survey compared with the older one.
Clinical pattern of newborns of T. cruzi-infected mothers. As shown in Figure 2 , 42.9% and 54.5% of the congenitally infected newborns in cohorts A and B, respectively, showed at least one of the signs/syndromes listed in Table 5 . However, they were more rarely found in the non-infected M−B− (A ‫ס‬ 11.1%, B < 1%) and M+B− (A ‫ס‬ 15.5%, B ‫ס‬ 6.9%) groups (P < 0.0001). The association of at least two of the severe signs frequently associated with prematurity (LBW, Apgar score < 7 at one minute, RDS, or anasarca) was observed in 50.0% and 18.4% of M+B+ babies in cohorts A and B respectively, versus < 1% and 7.3% in M+B− and M−B− babies of both cohorts (P < 0.001). Fever, jaundice, convulsions, and developmental anomalies were not observed in T. cruziinfected babies. When the babies of both cohorts were considered, the frequencies of signs/syndromes among the con- genital cases could be classified as RDS > hepatomegaly > splenomegaly > neurologic signs (other than convulsions) > anasarca, petechiae (Table 5) . Meconium staining was observed in similar proportions in the three groups of babies in both cohorts (9−13%; P > 0.05). Chest radiographies performed in 37 infected babies in cohort B showed cardiomegaly with a cardio-thoracic index > 0.55 in four (10.8%) of them. Abdominal ultrasound echographies performed in 41 infected newborns in cohort B confirmed liver and/or spleen enlargements detected by physical examination, and showed the homogenous density of such organs and any other anomalies. As shown in Table 6 , analysis of the sensitivity, specificity, and predictive values of LBW, Apgar scores < 7 at one minute, and signs/syndromes in Table 5 , either taken separately or considering the association of at least two of the severe signs mentioned earlier, showed these clinical data to be highly specific (90−100%), although poorly sensitive (8−27%). Their positive predictive values varied strongly and only the occurrence of anasarca, petechiae, and splenomegaly showed positive predictive values Ն 20%. Comparison of such clinical data between cohorts indicates a higher frequency of symptomatic babies and neonates with severe signs in the M+B+ group, as well as in the M+B−, and/or M−B− groups in cohort A than in cohort B (0.001 < P < 0.05; Figure 2 ). Search of co-infections with other pathogens in T. cruziinfected mothers and newborns. Plasmodium-specific antibodies were not detected in T. cruzi-transmitting mothers. To better appreciate the specificity of the association between clinical observations in newborns and congenital T. cruzi infection, complementary serologic investigations were also performed in blood of M+B+ babies in both cohorts. Toxoplasma-, Treponema-, rubella-, and HIV-specific IgM antibodies were not found, whereas cytomegalovirus-specific IgM were detected in only one asymptomatic case. Such results suggest an association between the clinical alterations mentioned earlier and T. cruzi infection, rather than with another eventual co-infection.
Hematologic and biochemical patterns of newborns of T. cruzi-infected mothers. The mean hematocrit rates and hemoglobin levels of M+B− and M+B+ babies of both cohorts were within normal ranges and similar to those observed in the local control M−B−groups. When both cohorts were considered together, although also remaining in the normal range, a significant reduction in the number of white blood cells was observed in congenital cases compared with the M+B− and M−B− groups (Table 7) . Such reduction resulted from a decrease in the levels of neutrophils and monocytes, but not in the level of lymphocytes, whereas the levels of eosinophils and reticulocytes remained similar to those of the controls. Parameters exploring liver (plasmatic direct and indirect bilirubin, asparatate aminotransferase, alanine aminotransferase, and alkaline phosphatase) and renal functions (plasmatic urea and creatinine) were investigated in both cohorts and remained within the normal range of values in congenitally T. cruzi-infected babies.
Mortality rates in newborns of T. cruzi-infected mothers. Mortality rates of congenital Chagas disease in both cohorts are shown in Figure 2 . Mortality was significantly higher in M+B+ babies than in both other groups of uninfected neonates in the cohort A (P < 0.001). Comparison between both cohorts indicates a strong and significant five-fold reduction of M+B+ mortality between the first (cohort A) and the second survey (cohort B) (P < 0.05). Moreover, a reduction of mortality between both surveys was also observed in the other M+B− and M−B− groups (P < 0.05), indicating a general improvement of materno-fetal health at the time of survey B compared with survey A. The data relative to the seven fatal cases of congenital infection observed in both cohorts (5 in cohort A and 2 in cohort B) are shown in Table 8 . Infection was detected at birth in all of these cases. Four of them (in cohort A) displayed extremely LBW and were premature, and/or had symptoms of respiratory distress. Three (in cohort A) displayed hepatomegaly and two (one in each cohort) presented anasarca and ascitis, corresponding to fetal hydrops. The latter was not due to blood group incompatibility, since their hematocrit values and hemoglobin and bilirubin levels were within normal ranges. Chest radiographs performed in cases A659, A1209, and B5572 did not show cardiomegaly. A neurologic sign (spontaneous motor activity) was detected only in case A456.
Four of these seven newborns died within 24−48 hours after birth and their clinical context could be reasonably associated with T. cruzi infection (cases A39, A456, A1207, B1047, Table  8 ). The three other fatal cases died later after birth (cases A659, A1209, B5572) and might have had other associated unknown pathologies that precipitated their death. Indeed, all three had been treated. Circulating parasites were no more longer detected and their physical examinations showed a good general state at two and/or three weeks after birth. Moreover, case A659 displayed hematologic parameters in normal ranges at days 5, 9, and 16, whereas, at day 23 after birth, he presented severe anemia of unknown etiology (hematocrit ‫ס‬ 37, hemoglobin level ‫ס‬ 11.5 g/dL). Based on the reports of their mothers, cases A1209 and B5572 died suddenly at home, without previous clinical manifestations. If such analysis is considered, the mortality rate associated with congenital Chagas disease might be estimated to 3 (13.6%) of 22 in cohort A and 1 (2.0%) of 49 in cohort B, with death occurring shortly after birth.
DISCUSSION
Our results from two surveys performed in 1992−1994 and 1999−2001 in a maternity clinic located in an area of Bolivia endemic for chagasic infection show that 1) the transmission rates of congenital T. cruzi infection remain stable at approximately 5−6%; such transmission is reduced in older mothers displaying higher numbers of previous pregnancies; 2) the clinical signs currently associated with congenital Chagas disease are not due to TORCH co-infections; they appear in an half of infected babies and display low predictive values; 3) the morbidity and mortality of congenital Chagas disease has decreased over the last decade; and 4) in the absence of materno-fetal transmission of parasites, chronic maternal T. cruzi infection has no effect on gestation outcome, fetal development, and health of newborns. Table 6 . The association of severe signs included at least two of the signs frequently associated with prematurity (low birth weight, Apgar score < 7 at one minute, respiratory distress syndrome, or anasarca).
Our estimation of the rates of materno-fetal transmission of parasites used a sensitive procedure with four microhematocrit tubes, which limited the possibilities of undiagnosed cases, as previously validated by a polymerase chain reaction. 22 Nevertheless, the transmission rate of 5−6% observed in the main maternity clinic of Cochabamba is lower than previously reported in other studies in Santa Cruz, Bolivia. [16] [17] [18] This might be related to the use of histopathologic examination of placentas to assess congenital infection, instead of parasitologic or molecular detection of parasites in neonatal blood, as used in our work. This probably leads to an overestimation of congenital cases, since placentas of uninfected babies born of infected mothers are also susceptible to display parasites. 14, 28 Indeed, the transmission rates of congenital T. cruzi infection we have observed are comparable to those reported in Argentine, 8, 29, 30 but higher than those reported in Brazil 31 and Paraguay, 32 and lower than those in Chile. 33, 34 The reasons for such differences remain unknown. In addition to possible differences in the sensitivity of the diagnostic procedures used, the strain of parasites or some peculiar immunologic features of mothers might contribute to such geographic variations.
The clinical signs observed in the congenitally infected babies in our cohorts globally agree with those mentioned in previous studies in other countries. 5, 7, 8, 35 Our complementary serologic investigations clearly eliminated possible coinfections between T. cruzi and most TORCH pathogens, as well as Treponema and HIV in the M+B+ babies. The absence of severe meningoencephalitis among our cases also rules out possible co-infection with HIV, since the latter is frequently associated with the co-infection T. cruzi/HIV. 36 These data, as well as the significantly higher frequency of LBW, prematurity, hepatomegaly, splenomegaly, RDS, petechiae, and anasarca in M+B+ babies than in the M+B− and M−B− groups of the same maternity clinic validated such signs as currently associated with congenital Chagas disease, rather than being associated with TORCH co-infections. 25 However, these clinical signs are observed only in 43−54% of the congenital infections and display low positive predictive values. This indicates that they are poor markers of congenital T. cruzi infection, highlighting the need to assess the diagnosis of infection through the detection of parasites.
The higher frequency of PROM observed in mothers of congenitally infected babies might be related to the frequent chorioamnionitis detected in their placentas (Lambot MA and others, unpublished data). We also noted that in comparison with controls, infected newborns displayed significantly lower levels of leukocytes with reductions of neutrophil and monocyte counts, but not of lymphocyte counts, although such cell counts remained within physiologic ranges. This might be related to the relative expansion of CD8 T lymphocytes and the higher production of interferon-␥ that we have previously documented in newborns congenitally infected with T. cruzi, 37 since this cytokine is known to support myelosuppressive activities. 38 An interesting result of our comparative study of both surveys separated by 7−9 years is the observation of a significant decrease of frequencies of severe and mortal forms of congenital Chagas disease over time. Indeed, during these years, a sensitive improvement of the economic situation occurred in Bolivia, as attested by the doubling of the gross national product from $3,651,000 (U.S. dollars) in 1993 to $7,744,000 in 2000 (data from Instituto Nacional de Estadistica de Bolivia, http://www.ine.gov.bo). Although the economic situation or educational level of mothers enrolled in both cohorts have not been studied, our observation of a lower birth rate in M−B− and M+B− mothers in the more recent survey suggests that the economic improvement had induced a concomitant reduction of poverty. 39 Moreover, the reduced frequencies of symptoms, altered Apgar scores, and LBW, and the decrease in neonatal mortality, which was also observed in the more recent survey in babies of uninfected (M−B−) as well as of infected (M+B− and M+B+) mothers, support the notion of an improvement in materno-fetal health over time. Another possible effect of the socioeconomic improvement might be Figure 1 .
† P < 0.001. ‡ Defined by a cardiothoracic index > 0.55 on a chest radiograph performed in 37 congenital cases in cohort B.
§ P < 0.05. the qualitative amelioration of houses. This improvement, which was associated with the recent increasing efforts of the Bolivian public health authorities in controlling vector bugs in dwellings, might have reduced the intradomiciliary vectorial density. Whether a reduction of reinfection rates during pregnancy also induces a reduction of morbidity and mortality of congenital Chagas disease remains to be studied. However, despite a substantial reduction in the frequency of the severe form of congenital Chagas' disease in the last decade in Bolivia, congenital infection with T. cruzi remains an important problem of public health in this country. Indeed, severe morbidity still occurs in 18% of infected babies detected at birth in the more recent survey in 2001. Moreover, such data were collected in the neonatal period and no information is available on the further development of congenital infection in asymptomatic undiagnosed and untreated babies later in childhood or at adult age. In addition, even if the general incidence of infection decreases (as shown by the reduction of maternal prevalence between both surveys) as a consequence of national programs controlling intradomiciliary vectors and blood banks, there is an important pool of infected women (17% of the female population of Cochabamba in 2001) who are likely to transmit parasites to their fetuses. Moreover, such T. cruzi congenital transmission is likely to have larger epidemiologic consequences since it occurs from one generation to another, 40 allowing a vectorindependent, uncontrolled spreading of the parasite for a long period of time.
A challenging result of our comparison of both surveys relates to the absence of reduction of the materno-fetal transmission rates of parasites, whereas neonatal morbidity and mortality decreased significantly over time. This suggests that parasite transmission depends on individual factors specific to each mother, who are susceptible to modify their capacity to control such transmission at the placental or systemic levels. The fact that both sets of twins were congenitally infected, which is consistent with previous observations, 5, 32, 41 and that parasite-transmitting mothers (M+B+) were younger and displayed fewer numbers of previous pregnancies compared with non-transmitting mothers (M+B−) in both cohorts, argue for the role of such individual maternal factors.
An encouraging result confirmed in both surveys is that maternal chronic T. cruzi infection, when there is no parasite transmission, has no effect on pregnancy outcome, maturity, and general health of newborns. This agrees with previous studies in Brazil, [12] [13] [14] whereas the association of abortion histories with maternal T. cruzi seropositivity was reported in Argentine and Chile. [9] [10] [11] The reasons for such a difference are unknown. Birth weighs and gestational ages were similar in M+B− and M−B− Bolivian babies, indicating that maternal chronic infection without parasite transmission does not induce premature delivery or fetal growth retardation, which is consistent with most of the previous reports from various countries. 10, 11, 14 In conclusion, our study suggests that a decrease of poverty may reduce the morbidity and mortality, but not the transmission rate, of congenital T. cruzi infection. The latter remains an important risk for the babies of chronically infected mothers and a serious public health problem in Bolivia. Congenital T. cruzi infection is frequently associated with severe alterations in growth and maturity and neonatal death. This strongly argues for the development in Bolivia of programs aiming to detect infection soon after birth and to treat newborns to limit the consequences of this important route of parasite transmission. 
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